Context: Volleyball players are reported to have shoulder strength imbalances. Previous authors have primarily investigated small samples of male players at a single skill level, without considering playing position, and with inconsistent findings.
I sokinetic strength testing can play an important part in the comprehensive evaluation and rehabilitation of a patient with a shoulder injury. 1 Of all the muscle groups of the shoulder, evaluation of the shoulder external rotators (ERs) and internal rotators (IRs) is most informative because those muscle groups are responsible for dynamic stabilization of the glenohumeral joint. 2 One possible mechanism leading to shoulder injury may be a strength imbalance between those muscles, 3 which is easily assessed using isokinetic strength testing. Differences in IR and ER strength ratios appear to be related to injury in almost all players whose sports involve overhead throwing activities, such as baseball, 4 water polo, 5 tennis, 6 handball, 7 and volleyball. 8 In volleyball, strength of the ERs and IRs is related to either serving or spiking performance, which are both important elements of success in volleyball; IR concentric strength correlates well with volleyball spike velocity. 9 Considering the asymmetric nature of shoulder movements in volleyball, one would expect that volleyball practice itself causes strength imbalances that present in the form of strength asymmetries between the dominant (D) and nondominant (ND) shoulders and abnormal strength ratios between the ERs and IRs. An asymptomatic overhead athlete should have IRs that are 3% to 9% stronger in the D shoulder than in the ND shoulder, whereas ER strength may be weaker, in the range of 0% to 14%, compared with the ND side. 10 Shoulder strength asymmetry above this threshold can be an injury risk factor and is characteristic of volleyball players with shoulder problems. 11, 12 Our literature search revealed several groups that have evaluated the ER and IR strength of both shoulders in volleyball players [11] [12] [13] [14] [15] [16] [17] (Table 1) . Most of these authors investigated male players, 11, 12, [15] [16] [17] and only 3 of them 13, 14, 16 also provided data for female players. Notably, the samples of volleyball players in those studies were relatively small (range, 9-29 players) and involved athletes at a single skill level without distinguishing among different playing positions. Thus, their findings may not apply to all volleyball players. Further, the findings of previous studies are inconsistent, as some researchers 11, 15 did not report strength asymmetry and others [12] [13] [14] 16, 17 concluded that IR strength on the D side was stronger than that on the ND side. Disagreement also exists with regard to ER strength, as greater values have been reported on the ND side 12, 17 and the D side. 16 Methodologic concerns, including the type of dynamometer used, glenohumeral joint positioning, and data-processing software, could be responsible for these inconsistencies in the literature. 18, 19 The main aim of our study was to evaluate the existence of strength asymmetry of the ERs and IRs in a large sample of professional volleyball players of both sexes. Unlike previous authors, we investigated both the absolute difference (ie, left-to-right difference, regardless of hand dominance) and the relative difference (ie, the difference based on limb dominance) in the strength of the ERs and IRs. We also evaluated the strength asymmetry of the ERs and IRs across different skill levels and playing positions. Because shoulder muscle imbalances as represented by a low ER/IR strength ratio are related to shoulder injury prevalence, 8 we also evaluated the associations between the abnormal strength ratio and different playing positions and skill levels. Our results obtained on a representative sample of volleyball players of both sexes could be of interest to clinicians, coaches, physical conditioning specialists, and health care professionals as reference values for shoulder ER and IR strength for rehabilitation, training, and selection purposes in volleyball.
METHODS

Participants
A sample of 183 volleyball players (99 men and 84 women) from the Slovenian first and second national divisions without a history of shoulder pain in the previous 3 months volunteered for the research. Before testing, each volunteer signed a consent form for participation in research and was informed about the purpose of the research. The study was approved by the Board of Ethics of the Faculty of Sport, University of Ljubljana. Each player completed an enrollment questionnaire concerning previous shoulder injuries, hand dominance, playing position, level of play, and hours of training. The D hand was defined as the hand used to serve or spike.
Design
In this cross-sectional descriptive laboratory study, we performed isokinetic strength testing of ER and IR rotation on healthy volleyball players.
Procedures
The measurements were performed on an isokinetic dynamometer (model REV 9000; Technogym, Forli, Italy) at the Faculty of Sport, University of Ljubljana, by the same experienced examiner. Using this dynamometer, the examiner's mean intraclass correlation coefficient for reproducibility of shoulder strength testing ranged from 0.80 to 0.94, and the standard error of measurement ranged from 6.0% to 9.9%. 20 Testing was performed over a period of 4 weeks toward the end of the competitive season, and players from the same club were tested on the same day. No practice was allowed 1 day before the testing. Before players were tested each day, the examiner calibrated the dynamometer using the isometric contraction mode with a standard calibration weight. The examiner used a standard shoulder attachment and calibrated the system before each test session to fit the allowable limits for the right or left arm. The ERs and IRs of the D and ND shoulders were assessed in sitting position, with the arm abducted to 908 and in the scapular plane with the elbow flexed to 908 ( Figure) . For the measurements, the range of motion was set to 608 (908-308) of external rotation. The selected isokinetic speed was 608/s in the concentric mode of contraction. The test was initiated at 908 of external rotation; internal rotation was the first movement tested for the 5 repetitions. This testing sequence was preceded by familiarization at 608/s and by 3 submaximal trials in the selected speed, followed by a 1-minute rest before trials. Previous authors 11, 12, [14] [15] [16] tested volleyball players at 2 testing velocities (608/s and 1808/s), with differences most often found at the lower testing velocity. Our decision to test using a single velocity was based on those findings as well as on the number of participants and possible feasibility issues, because testing at 2 velocities would have doubled the testing time. After a 5-minute break that allowed a change of sides, the testing was repeated on the other shoulder using the same testing protocol. The participant was allowed to see the torque curve on the display during the measurements and was given consistent verbal encouragement throughout the testing protocol.
We assessed body height and body mass using a stadiometer and scale (models 222 and 762, respectively; Seca Instruments Ltd, Hamburg, Germany) and skinfolds using Harpenden skinfold calipers (Holtain Ltd, Crosswell, Crymych, United Kingdom). From 7 skinfold measures, we calculated the body fat percentage. 21 
Statistical Analyses
We obtained data from the dynamometer evaluation report for the D and ND limbs. A contraction with the highest peak torque value (Nm) was used in the later analyses. Torque was normalized for body weight (Nm/ kg). 22 We calculated the concentric strength ratio (ER/IR) for the D and ND limbs, as well as the ER/IR strength asymmetry between the D and ND sides. Strength asymmetry was calculated using the formula 1 À (ND strength /D strength ) and expressed as a percentage. For absolute strength, we rearranged the asymmetry data according to laterality (left or right side), regardless of the hand dominance reported by the player, and repeated the calculations.
We used 2 repeated-measures analyses of variance to evaluate (1) the difference in muscle strength of the ERs and IRs and the strength ratio (ER/IR) between the D and ND sides and (2) the absolute difference between the right and left sides, regardless of hand dominance. To explore possible differences among participants with regard to the level of play (first or second division) and playing position (libero, opposite, blocker, receiver, setter), we used these between-subjects factors in a model with a Bonferroni ; strength asymmetry was defined as abnormal when the difference between the shoulder ER or IR in the 2 arms exceeded 15%. 10, 12 All calculations were performed using SPSS for Windows (version 17.0; SPSS Inc, Chicago, IL). A significance level of .05 was used for all tests.
RESULTS
The main characteristics of the players are presented in Table 2 . Note that the players of both sexes were proportionally distributed according to the different levels of play and playing positions. The prevalence of a previous shoulder injury was 9.1% in the male and 7.1% in the female volleyball players.
The results of strength testing of IR and ER (normalized for body mass) along with the strength ratios (ER/IR) are shown in Table 3 . We observed differences between the D and ND shoulders for IR (in favor of the D side) in male and female players, regardless of any previous shoulder injury. However, this significant strength asymmetry of the IRs was associated with concomitant strength asymmetry of When we disregarded hand dominance, we found a difference in ER strength only between the left and right sides in male volleyball players without a previous shoulder injury (F ¼ 5.05, P , .05) and, consequently, no difference in the strength ratio between the left and right shoulders (F ¼
An abnormal strength ratio of the D shoulder and level of play were associated only in female volleyball players without a previous shoulder injury (v 2 1 ¼ 6.68, P ¼ .01). Based on the odds ratio, this seems to reflect the fact that female volleyball players from the first division and without a previous shoulder injury were 3 
DISCUSSION
The main finding of our study is a strength asymmetry of the IRs in favor of the D side in both male and female volleyball players, regardless of a previous shoulder injury. When such asymmetry in IR strength is not associated with the concomitant strength asymmetry of the ERs, the ER/IR strength ratio of the D shoulder will be less than for the ND shoulder. Put differently, a low ER/IR strength ratio of the D shoulder can result from a strength deficit in external rotation, but both decreased ER and increased IR will influence the ER/IR ratio. Indeed, our results show that among male volleyball players with or without a previous shoulder injury and also among female players with a previous shoulder injury, we found no concomitant strength asymmetry of the ERs. Consequently, the ER/IR strength ratio of the D shoulder was lower only in men when compared with the ND shoulder. However, this was not the case in female players without a previous shoulder injury, in whom the ERs of the D shoulder were stronger than those of the ND shoulder and the ER/IR strength ratio of the D shoulder was not lower. Importantly, this finding was valid only when we accounted for hand dominance, suggesting that when analyzing the shoulder strength in volleyball players, we must consider such information as being highly relevant. We also found that female volleyball players without a previous shoulder injury who were playing at a higher skill level (ie, first division) were 3.4 times more likely to have an abnormal strength ratio than their counterparts playing at a lower skill level. Finally, our results suggest that playing position was not associated with an abnormal strength ratio or abnormal strength asymmetry of the ERs or IRs in volleyball players, regardless of sex or a previous shoulder injury. Compared with data from the literature (Table 1) , we conclude that our results agree with previous findings that the IR strength of the D shoulder is higher than that of the ND shoulder in male 12, 16, 17 and female volleyball players. 13, 14 Significant differences between the D and ND internal-rotation strength were reported by Wang and Cochrane 12 and Wang et al, 17 who tested England's elite male volleyball players on 2 occasions and reported that the mean strength values of the IR concentric (and eccentric) contractions on the D side were greater than those on the ND side. Michael et al 16 also observed greater IR strength on the D side only among male volleyball players. However, contrary to Alfredson et al, 13, 14 who investigated ER and IR peak torque in 11 female players from the first Swedish division and concluded that the concentric IR peak torque at 608/s was higher in the D shoulder, Michael et al 16 did not find differences in IR strength in female players. Apart from that study, our results also oppose the findings of Gozlan et al 15 and Witvrouw et al, 11 who reported no differences in ER or IR strength of the D and ND shoulders at 608/s and 1808/s in male volleyball players. Aside from the previously mentioned methodologic differences related to the type of dynamometer and software used and participant positioning, the observed discrepancies in the results may also be attributed to interstudy differences in sample size, experimental setup, and time of testing during an annual cycle.
With regard to strength asymmetry of the ERs, only Wang and Cochrane, 12 Wang et al, 17 and Michael et al 16 reported differences between the D and ND shoulders. Investigating male volleyball players, Wang and Cochrane 12 and Wang et al 17 demonstrated differences in favor of the ND shoulder, whereas Michael et al, 16 like us, reported stronger ERs of the D shoulder only in female volleyball players. Our results suggest an important sexrelated difference with regard to the ER strength asymmetry that seems to be a characteristic of female volleyball players without a previous shoulder injury. Unlike Wang and Cochrane, 12 we did not find statistically important differences in ER strength in men, and 63% of male players without a history of shoulder injury had normal strength asymmetry of the ERs (ie, strength difference within 15%), as proposed by Reinold and Gill 10 and Wang and Cochrane. 12 Female players differed considerably from male players in that more than half of the female players without a previous shoulder injury (56%) had abnormal strength asymmetry. Further, similar to Michael et al, 16 we have shown that among female volleyball players without a previous shoulder injury, the ER strength on the D side was higher than on the ND side. This asymmetry results in a normal ER/IR strength ratio of the D shoulder, which is very important because a study 23 of overhead athletes showed an association between an abnormal ER/IR strength ratio and the incidence of shoulder injury. We can only speculate if this finding could result in a lower shoulder injury rate among female volleyball players; no data are available to identify sex as an independent risk factor for shoulder problems. 24 Unfortunately, at this point, we do not have evidence to explain our observational findings, but possibilities deserving further research are (1) the number of arm swings during rallies in women, (2) the amount and specificity of resistance training, and (3) possible sexrelated differences in the spike technique. For example, during maximal external rotation, potential energy is stored by twisting the torso 25 ; women may rely more on their shoulder rotatory strength to execute a spike.
Further, we believe that the difference between the statistical and clinical significance of findings should also be raised in relation to our results. The mean differences in IR strength between the D and ND sides in our study were 9.19% 6 13.5% (P , .05) and 9.19% 6 19.8% (P , .05) for men and women, respectively, without a previous shoulder injury. The mean difference in ER strength between the D and ND sides in players without a previous shoulder injury was almost negligible in men (4.2% 6 17.8%, P . .05), whereas in women that difference was 13.3% 6 20.9% (P , .05). In spite of some statistically significant differences in the bilateral ER and IR strength (Table 3) , all values were below the threshold level of 15% suggested by other authors. 10, 12 Thus, although statistically significant, those differences were not large enough to indicate a risk of shoulder injury and become clinically significant.
The ER/IR strength ratio for male volleyball players, regardless of a previous shoulder injury, was lower on the D side (Table 3 ) and was at the lower border of the general recommendations (0.60-0.75) proposed by Ellenbecker and Davies. 1 In addition, these results clearly highlight the ER weakness of the D (and also ND) shoulder of the studied male volleyball players, as the same authors 1 suggest that ER strength should be increased from approximately twothirds of the IR to about three-fourths of the IR for overhead athletes. However, a prospective follow-up of male volleyball players is needed to confirm the association between this low ER/IR strength ratio and possible shoulder injury or pain occurrence (or both). Yet the incidence of shoulder injuries alone (ie, without pain) based on the timeloss injury definition may mask the true magnitude of shoulder problems in volleyball players because players may experience shoulder pain and discomfort but continue the training and competition process without reporting an injury. To sum up, our findings support the recommendations of previous authors 12, 17 that additional resistance training for concentric and eccentric ER strength of the D shoulder must be emphasized, especially in male and female volleyball players with a history of shoulder injury.
In female players without a previous shoulder injury, the mean strength ratios were in line with general and specific recommendations (D versus ND side: 0.75 versus 0.72, P . .05). However, the likelihood of an improper strength ratio on the D side was higher in the players from the first division (abnormal versus normal strength ratio: 75% versus 25%) than in the players from the second division (abnormal versus normal strength ratio: 47% versus 53%), meaning that female players at higher skill levels and without a history of shoulder injury should be given special attention with regard to the possibility of an abnormal strength ratio.
A final point is that in the current study, playing position was not associated with an abnormal shoulder strength ratio or strength asymmetry. If we assume that the amount of spiking is a risk factor for shoulder problems, 26 then the position-related difference in the number of spikes during a volleyball game 27 would suggest differently. This is particularly evident for setters, who perform considerably fewer attack jumps than other volleyball players. 27 Although the proportion of players at each position was not uniform in our study (Table 2) , this seems unlikely to be a major reason for the relatively unexpected result. Variability among players in the timing of position specialization during one's career could be a confounding factor. Further investigation is needed to clarify this important issue.
Our study also has limitations, including a lack of eccentric strength testing. The eccentric strength of the IRs is important in shoulder stabilization during the armcocking phase of a volleyball spike, whereas the eccentric strength of the ERs is crucial during the arm-deceleration phase. 8 However, shoulder strength testing in the eccentric mode of contraction has documented reproducibility concerns: some authors 28 report low intraclass correlation coefficients (0.44-0.68) for eccentric testing of the ERs. Apart from this factor, which can be controlled by a proper testing protocol and familiarization, the main reason we omitted eccentric strength testing in our study was related to the number of participants; an additional testing contraction mode or speed would have doubled or tripled the testing time and thereby negatively influenced the feasibility of the study.
In conclusion, our findings highlight some sex-related differences in the isokinetic strength profile of the D versus ND shoulder in volleyball players. The male volleyball players presented with an ER strength deficit that resulted in a lower ER/IR strength ratio of the D shoulder, and this phenomenon was not associated with playing position or skill level. In contrast, among the female players, a smaller ER/IR strength ratio characterized only players at the higher skill level, although in female players in general, a strong IR was associated with a proportional increase in ER strength and normal strength ratio of the D shoulder. This was valid only for female volleyball players without a previous shoulder injury; among their previously injured counterparts, the strength findings were similar to those for the male volleyball players. These results suggest that female volleyball players could have a smaller risk of developing shoulder-related problems than male players, but we believe that prospective epidemiologic studies are needed to confirm such a hypothesis. Finally, isokinetic testing could reveal important information about the possible risk factors for shoulder injuries and could be a part of functional screening of volleyball players. Based on currently available data, the isokinetic evaluation of the shoulder in volleyball players would be best performed bilaterally, at 1 or 2 testing velocities (608/s and 1808/s), in the concentric mode of contraction, and with hand dominance taken into consideration. The choice of number of testing velocities and contraction modes should depend on the time available for testing. As noted earlier, most previous significant findings occurred at lower concentric velocities, and significant findings in the concentric mode of contraction were always correlated and followed by identical findings in the eccentric mode of contraction. Therefore, we believe that testing at a single low concentric velocity (eg, 608/s) is sufficient for preliminary screening, and testing at additional velocities or in the eccentric mode of contraction (or both) should be reserved for those participants with abnormal findings during initial testing.
